Room temperature ionic liquids have been currently used in liquid/liquid extraction processes in order to substitute conventional organic solvents. In this paper, a series of chlorinated solvents and 1-alkyl-3-methylimidazolium-based ionic liquids were selected to study the extraction efficiency of a lipophilic polyamine 1,1,7,7-tetraethyl-4-tetradecyldiethylenetriamine (TE14DT) towards the model ion Cu(II) in such different media. The effect of temperature on the extraction efficiency was also investigated. The metal ion partition was found to be strongly dependent on both the nature of the solvent and on the working temperature. The viscosity of ionic liquids and the water content in ionic liquid were found to affect the extraction efficiency of TE14DT. The chemical nature of the cation of ionic liquids, and in particular the alkyl chain length on imidazolium ring, also seemed to be important in determining the efficiency of the extraction process. Finally, preliminary experiments on back-extraction of Cu(II) ions from ionic liquid also revealed interesting hints to the development of a continuous transport process.
Introduction
In recent years, Room Temperature Ionic Liquids (RTILs) have been regarded as potential alternative media in a wide range of different applications. Their particular features, such as the very low volatility, non-flammability and ability to dissolve both organic and inorganic compounds, are important advantages over conventional organic solvents, the use of which has been increasingly recommended to be avoided. Moreover, RTILs can be made hydrophobic while retaining ionic features and this dual nature forms the basis for their use as novel separation media for the solvent extraction of ionic species.
In literature, extraction of a wide range of metal ions has been reported by using RTILs containing proper complexing agents and alkali and alkaline earth, heavy and even radioactive metal ions can be thus effectively removed from aqueous solutions [1] . It is noteworthy that significant differences both in efficiency and chemical equilibria can be found between RTILs and organic solvents when employed in biphasic systems [2] . Many efforts have been made to elucidate the mechanism of partitioning, and it was found to be dependent on the nature of the extractant molecule, the species in the aqueous phase and the hydrophobic/hydrophilic balance of the ionic liquid [3] . However, a thorough comparison among traditional molecular solvents and ionic liquids is not available yet, and only few attempts have been carried out to understand what kind of correlations can be set between specific chemico-physical properties and the observed partitioning effect [4, 5] .
In the past, our research group successfully achieved the transport of different metal ions through bulk liquid membranes in the presence of new polyamine carriers [6] [7] [8] [9] . Briefly, in a bulk liquid membrane aqueous donor and acceptor phases are separated by an immiscible liquid membrane and suitable carrier molecules are solubilized in the membrane to achieve the transport process. So far, dichloromethane and chloroform were used as liquid membranes and therefore, in order to provide a great enhancement to one-step extraction/recovery sytems, the possibility to employ our chelating agents in ionic liquids was considered. This, in our present knowledge, is the first systematic survey performed to obtain comparative information on metal ion extraction by a chelating agent, as a function of temperature, both in organic solvents and in ionic liquids.
In this paper, Cu(II) was selected as model ion and results on its partitioning both in a series of chlorinated solvents and in 1-alkyl-3-methylimidazolium-based ionic liquids ([C n MIM][X]) are reported. The simple lipophilic polyamine 1,1,7,7-tetraethyl-4-tetradecyldiethylenetriamine (TE14DT, Scheme 1) [6, 7] was used as chelating agent in water/organic solvents or RTILs biphasic systems and its extraction efficiency was evaluated. The structural features of TE14DT make it easily soluble in both organic solvents and ionic liquids at the same concentrations. Moreover, the temperature effect on the extraction process was assessed in both organic solvent-and RTILbased biphasic systems.
Experimental Section

Materials
All the materials were analytical grade, purchased from Aldrich (Milan, Italy) and used as received. Solvents, purchased from Carlo Erba (Milan, Italy), were ACScertified quality. Synthesis and purification procedures of 1,1,7,7-tetraethyl-4-tetradecyldiethylenetriamine (TE14DT) were achieved as previously reported [6] . Ionic liquids were synthesised as indicated below.
Metal Ion Analysis
The concentration of Cu(II) ions in the aqueous phase was measured following the sensitive spectrophotometric method described in an earlier publication [7] . A diode array Hewlett Packard 8452 A spectrophotometer was used for the quantitative determinations.
Extraction Experiments
In a screw cap, flat-bottomed vial, 1 mL of a 5 × 10 TE14DT solution in chlorinated solvent or ionic liquid and 1 mL of a 5 × 10 −3 M CuCl 2 solution in 0.15 M acetate buffer, pH 4.68 were added. They were kept under stirring in a glycerin/water bath at constant temperature and, if not otherwise described in the text, metal ion concentration in aqueous phase was measured after 24 h, to allow the equilibrium to be reached. Then, Cu(II) ion concentration in the organic phase was calculated as the difference. In back-extraction experiments, after partition at 333.15 K, the upper aqueous phase was removed and replaced with a 0.1 M HCl solution; the biphasic system was kept either at 298.15 or at 333.15 K and metal ion concentration was monitored as a function of time. Each experiment was done in at least triplicate and results agreed to within 5%.
Water Content Determination
The water amount in ionic liquids was determined using a Metrohm 684 Karl Fischer coulometer. Equal volumes of ionic liquid and 0.15 M acetate buffer were kept in a glycerin/water bath at constant temperature. After equilibration, a few drops of ionic liquid were weighed, poured into a 1 mL volumetric flask and dissolved in water-equilibrated chloroform. A fixed volume of solution was then injected into the Karl Fischer coulometer and a reading of water content was obtained.
Viscosity Measurements
The viscosity of ionic liquids was measured with a Brookfield Dial Reading viscosimeter RVT model. For each analysis, the sample was equilibrated with 0.15 M pH = 4.68 acetate buffer for 24 h and then kept in a glycerin/water bath at constant temperature; the measurements were performed in duplicate and results agreed to within 0.01 Pa·s.
Synthesis of 1-Methyl-3-alkylimidazolium Bromide
In an oven-dried 500 mL-flask with ground glass stopper, 1-methylimidazole (freshly distilled), the proper alkyl bromide in 1:1.05 molar ratio and ethyl acetate (150 mL) were added. 
Results and Discussion
Cu(II) Extraction in Chlorinated Solvents
Extractive features of TE14DT were studied as a function of the working temperature and comparisons between molecular and ionic solvents could be accomplished. The high thermal stability and the negligible vapour pressure of ionic liquids allow such investigations in a wider temperature range as compared to dichloromethane (b.p. = 312.75 K) i.e. the solvent so far used in the membrane transport experiments with TE14DT [6, 7] . Therefore, some chlorinated solvents were selected on the basis of their lower volatility: chloroform (b.p. = 334.35 K), 1,2-dichloroethane (b.p. = 356.65K), 1,1,1-trichloroethane (b.p. = 347.25 K) and tetrachloromethane (b.p. = 349.65 K) and they were used as solvents in biphasic extraction systems. In any cases, no extraction of Cu(II) was observed in the absence of the chelating agent. In order to preliminarily evaluate the partitioning capability of TE14DT towards Cu(II) ions in the different organic phases, experiments at 298.15 K were carried out by simply contacting equal volumes of chlorinated solvents containing TE14DT and a buffered CuCl 2 aqueous solution. The results, expressed as percentages of Cu(II) ions transferred in the organic phase after 24 hours, are shown in Table 1 . As already reported [6] , the nature of the organic phase strongly affected the extraction efficiency of the complexing agent and a rationale was provided by considering the different polarities of the solvents. As showed in Table 1 , no partitioning of Cu(II) ions was achieved in tetrachloromethane while the TE14DT-mediated transfer in dichloromethane reached the highest value, i.e. 45%. To explain the observed trend the Reichardt's parameter N T E , the most widely used empirical scale of solvent polarity and the mass fraction w, indicating the water solubility in the organic solvent, were selected and their values are also reported in Table 1 . Both the parameters likely play a relevant role in the metal ion extraction process and they could be correlated with the obtained data. In fact, the notable extraction efficiency of TE14DT towards Cu(II) ions in dichloromethane, chloroform and 1, 2-dichloroethane could be linked to their high values of N T E and w, while, in the case of the other two solvents, the low polarity and water solubility could explain the small extent of the metal ion partitioning. The polarity of the medium and the properties of dissolved water could allow the amphiphilic TE14DT-Cu(II) complex to interact more efficiently with the organic solvent and to partition more effectively in it.
The extraction mechanism is an extremely complex issue and then a strict correlation between experimental data and a single chemico-physical solvent parameter could hardly be found. In fact, Cu(II) partitioning in the organic phase results from a number of chemical equilibria involving several different species. In detail, it should be considered in the process: i) the partitioning equilibria of both TE14DT and TE14DT-Cu(II) complex between the two phases, ii) the possible different stoichiometric ratios between the ligand and the metal ion and then the possibility of chelating multi-equilibria, and finally iii) the requirement of charge balance in the system. The latter involves the co-extraction of an accompanying anion, i.e. the chloride ion derived from the salt and/or the acetate from the buffer; the differences in organic solvents should affect the solubility of both the ionic species and the water.
On the basis of the above-reported results at 298.15 K, chloroform, 1,2-dichloroethane and 1,1,1-trichloroethane were selected to investigate the temperature effect on Cu(II) ions partitioning; dichloromethane was ruled out owing to its too low boiling point. In the examined temperature range, no partition of Cu(II) ions was observed in the absence of TE14DT and then the ligand-mediated transfer of Cu(II) ions in the organic phase was quantitatively determined, after 24 h, as a function of working temperature (Figure 1) .
The features of chlorinated solvents deeply affected not only the partitioning extent at each temperature value, as already observed at 298.15 K, but also the relationship between the mol percentages of partitioned metal ion and the temperature itself. In 1,1,1-trichloroethane, the small extraction efficiency of TE14DT kept on diminishing as the temperature increased; partitioning of Cu(II) ions reached values less than 5% and it remained about constant in the range of T = (303.15 to 333.15) K. An in verse proportion between metal ion extraction and temperature was found also in chloroform and, in this case, the decrease in the metal ion partitioning extent with the temperature followed a linear trend. The extraction of Cu(II) ions turned out to be much different in 1, 2-dichloroethane instead: metal ion partitioning steadily increased in the range of T = (298.15 to 313.15) K up to 50% extraction; then a plateau was reached and no significant differences in the extraction percentages were observed with further increases in working temperature. So far, a 1:1 ligand metal ion molar ratio was employed; therefore, the lack of a temperature effect above 313.15 K was hypothesized to be due to an insufficient amount of the complexing agent in the organic phase. Then, TE14DT concentration in 1,2-dichloroethane was doubled and not only higher partitioning percentages were observed at all temperature values but a gradual increase in metal ion extraction was observed in the whole investigated temperature range (data not shown).
Parameters of organic solvents reported in Table 1 may be not adequate to explain the observed opposite trends in chloroform and in 1,2-dichloroethane, since, for example, a higher water solubility in all organic solvent could be recorded as temperature increased. The temperature rise, however, can lead to a different increase of water content in the various solvents, according to the nature of the solvent itself. Since the extraction efficiency has different trends for the various solvents as a function of temperature, it means that it is not simply water content, which controls the partitioning, but the way the water and the complex TE14DT-Cu(II) interact with solvent molecules.
Moreover, complex formation takes place in the aqueous phase, and then the temperature effect on the corresponding equilibrium should be the same in all considered systems; so, our results might be related to a different temperature effect on the partitioning equilibria of the ligand and its metal ion-complex in the various chlorinated phases. At last, after partitioning at 333.15 K, biphasic systems were put at 298.15 K again and the extraction percentages reverted to the beginning values within 24 h, as it could be expected in the case of a reversible reaction.
Cu(II) Extraction in Ionic Liquids
In literature, Cu(II) extraction in ionic liquids by differrent chelating agents has been already reported [10, 11] . In our previous study [12] , concerning the extraction of Hg(II) ions in ionic liquids in absence of chelating agent, the key role of both working temperature and ionic liquid hydrophobicity has been pointed out. The aim of this paper is to investigate if, also in presence of a chelating agent, the above factors still play a significant role. Here, three imidazolium-based ionic liquids were used as "alternative" media in liquid/liquid extraction systems, i.e. 1-hexyl-3-methylimidazolium and 1-octyl-3-methylimidazolium hexa-
[Tf 2 N]). They were selected so that the anionic components were hydrophobic enough to be water-immiscible and to obtain biphasic systems; moreover, imidazolium-based ionic liquids are by far the most employed in extraction processes [1] . Then, the use of such ionic liquids could allow us to evaluate both the role of the alkyl chain length on the imidazolium ring and of the anionic component; structures and abbreviations are reported in Scheme 2.
Preliminary partitioning tests in the absence of chelating agent revealed that no extraction of Cu(II) ions was obtained, despite of the similar ionic nature of both the extracting phase and the substrate. Then, the coordinating properties of TE14DT in ionic liquids were assayed; usually, in similar reported experiments, metal ion extraction was performed by mixing equal volumes of ionic liquid and an aqueous solution of metal ion at pH = 7, shaking for a few minutes and then centrifuging to separate the two phases [13, 14] . In our procedure [12] , liquid/liquid extraction was carried out by contacting equal volumes of ionic liquid and the CuCl 2 buffered aqueous solution, kept under stirring at constant temperature. This method (the same used in the previous section) offered several advantages, including the possibility to control the working temperature. At first, the temperature effect on metal ion extraction by TE14DT was studied in [C 8 6 ]) Cu(II) ions partitioning was very low (less than 5% in both ionic liquids), comparable with the extraction in 1,1,1-trichloroethane, and then any rise in temperature produced a corresponding increase in metal ion partition; interestingly, at 333.15 K, the same extraction efficiency of TE14DT was gained in both ionic liquids, i.e. 45% of partitioned Cu(II) ions.
Similar trends were observed in both ionic liquids; despite they deeply differ not only in their chemicophysical properties but also in their air-and water-stability [15] . Indeed, even water-immiscible RTILs are hygroscopic and usually contain some water. As regards hexafluorophosphate-containing ionic liquids, their hydrolysis instability has often been noted in literature [16] [17] [18] especially at high temperature and in the presence of strong acids. Hydrolysis of forms a mixture of products, including HF, POF 3 N] to the aqueous solution was achieved in 24 h, being the metal ion partition in the ionic liquid equal to 12% again. Anyway, in both cases, if temperature was once more raised up to 333.15 K, extraction percentages get back to the initial value, i.e. 45, in only 24 h. On the basis of these initial observations, it is possible to assert that, at low temperatures, the nature of the anion of the ionic liquid further controls the extraction process in relation to its different way of interacting with the imidazolium cation and water molecules dissolved in it.
In order to explain such experimental data, some physico-chemical parameters of ionic liquids were taken into account, in particular the mutual water/ionic liquid miscibility and the viscosity. Moreover, the hydrophilic/ hydrophobic behavior is also important for the solvation properties of ILs, since it can affect their ability to dissolve species of different nature, and investigation was extended to a comparison between [C 8 Several researches were carried out on the water solubility in ionic liquids [19] ; in particular, voltammetric studies have suggested that the addition of controlled amounts of water to water-immiscible ILs can produce nano-dishomogeneity [20, 21] . Therefore, wet ionic liquids should not be considered as homogeneous structures (isotropic medium) but have to be regarded as nanostructures with polar and non-polar regions. This could strongly affect the solvation not only of an amphiphilic molecule as the chelating agent TE14DT (with a long, hydrophobic alkyl chain and a more polar region containing the aminic groups) but also of its metal ions complex. NOEs experiments on 1-butyl-3-methylimidazolium tetrafluoroborate also revealed a progressive change in the IL structure with the increase of water content: cation-anion interactions are probably progressively replaced with hydrogen bonds involving water as acceptor towards the cation and as donor towards the anion [22] . Moreover, in the presence of water, the IL has a different organization characterized by a looser imidazolium-imidazolium association. An increase in water content could aid the partitioning of the TE14DT-Cu(II) complex thanks to a more favorable environment, where the above mentioned looser cation-cation association could enlarge the complex solubility in the ionic liquid phase. Water content in [C 8 To date, temperature-dependence of viscosity of ionic liquids has been extensively investigated. In fact, the knowledge of viscosity is of prime importance in a wide range of different applications and especially in liquid/ liquid extraction systems: it can have a great concern in diffusion-controlled processes and in the mass transport of ionic species through the phases. In literature, viscosity data on 1-alkyl-3-methylimidazoliun hexafluorophosphate ionic liquids display a broad dishomogeneity [23] [24] [25] [26] [27] [28] [29] [30] [31] . In particular, the water content or simply the wetting or drying conditions seem to greatly influence the viscosity [30, 32] 6 ], it has been reported that their viscosity was about 25% higher in dried than in water equilibrated states [23] . Figure 3 . Viscosity of both ionic liquids significantly decreased with increasing temperature. Viscosity-temperature dependence is commonly described by the Arrhenius equation (for non-associating electrolytes) [33] or by the Vogel-Tamman-Fulcher (VTF) equation (commonly used for glass forming RTILs) [34, 35] . In our case, obtained plots were not accurately described by either Arrhenius or VTF models and, as already reported in other papers, such behaviour is usual for ionic liquids whose cations are less symmetric and have high molar mass [36] .
Furthermore, as expected on the basis of literature data [30] , a [Tf 2 N]-derivative ionic liquid has much lower viscosity than the [PF 6 ]-salt at any investigated temperature values. As is known, the charge delocalization on the anion aids lower viscosity by weakening hydrogen bonding with the cation [37] . For instance, at 298. 15 Therefore, temperature effects on two chemicophysical properties, i.e. viscosity and water content, and on Cu(II) extraction efficiency of TE14DT, previously reported in Figure 2 , are much more evident in the presence of PF 6 anion with respect to Tf 2 N. In both systems water content and viscosity affect complex partition that became similar as viscosity also became similar. In detail, viscosity measurements indicate that an increase of both temperature and water content cause a change of the degree of ionic liquid isotropy/anisotropy. When viscosity decreased, it can be assumed that the water confined into polar nano-domains, changes its properties, with a consequent increase of ionic liquid nano-heterogeneity. Moreover, the higher the water content, the less the interaction between the cation and the anion and such effect will be more evident for than for Tf 2 N -. The lower extraction capability of TE14DT in [C 8 MIM] [PF 6 ] with respect to [Tf 2 N]-derivative, at least at lower temperatures, could be explained by assuming that it is not simply the absolute water content that controls the efficiency of extraction. At 333.15 K, i.e. when the viscosity of the two ionic liquids became similar, owing to both the increase in temperature and the concomitant increase in water content, the ligand extraction capability is almost similar. The nature of the anion thus became less and less important and it can therefore hypothesize that both ionic liquids produce very similar polar nano-domains, i.e. similar chemical and physical properties, and then similar interactions with both the chelating agent and the complex. -6 
PF
The viscosity of the organic phase does not affect the amount of extracted metal ion at equilibrium, but the kinetics of process. Therefore, at room temperature, diffusive processes and mass transport through the phases turned out to be much more hindered in [C 8 MIM] [PF 6 ] and longer time was required to reach the equilibrium condition, thus explaining the previously described differences in the back-extraction behaviour.
In order to elucidate also the role of idrophobicity of cationic component, [C 6 6 ] were considerably lower than the literature ones [23, 26] . It has been reported that the presence of contaminants such as chloride and/or water could signifycantly alter RTILs viscosity and, in particular, chloride contaminated RTILs show higher viscosities, attributed to hydrogen bonding between the cation of ionic liquid and chloride anion, while water contaminated RTILs usually have lower viscosity [32] . In our case, the especially 6 ], despite its viscosity was about half of the viscosity of the octyl chain homologue. On the contrary, at high temperature, viscosities of ionic liquids were basically the same, while extraction efficiency of TE14DT towards Cu(II) ions was significantly different and higher in [C 8 MIM]-than in [C 6 MIM]-based ionic liquid. In this case, being the anion the same, the hydrophobicity of the cation plays a major role in controlling the characteristics and the properties of nanodomains, almost at the highest temperature.
Therefore, a role of alkyl chain length on imidazolium ring should be assumed in the extraction process: hydrophobic interactions probably occurred between such alkyl chains and the lipophilic region of the chelating agent, aiding the extraction process itself. These results seemed to suggest that, being the cation the same, a very striking relationship exists between a physical parameter of ionic liquids and the metal ion extraction capability of a chelating agent. A main role in affecting the extraction efficiency is probably played by water into the ionic liquid, not merely by the amount of water but by its properties and its ability in structuring the medium. A further experimental evidence in favour of this hypothesis is that percentages of Cu(II) at 298.15 K in [C 8 MIM] [PF 6 ] depend on the "history" of the sample.
Finally, in view of a continuous transport process, the back stripping of Cu(II) ions partitioned in the ionic liquid phase was attempted. After the extraction of the metal ion in [C 8 MIM] [PF 6 ] at 333.15 K, the aqueous phases were removed and replaced with a 0.1 M HCl solution to promote the protonation of the ligand N-atoms and the subsequent release of metal ion from the ionic liquid. Then, the biphasic system was kept at two differ-rent temperature values, 298.15 and 333.15 K, and metal ion concentration in the aqueous phase was measured at different times; results are reported in Figure 4 where Cu(II) ion percentages are referred to the amount of the metal ion partitioned in the ionic liquid. In both experimental conditions, the complete back-extraction of Cu(II) ions was achieved, even if process was strongly depen-dent on the temperature.
Indeed, at 298.15 K a slow increase in metal ion concentration in the aqueous phase was attained, being the whole extraction performed in two days, and the high viscosity of [C 8 MIM] [PF 6 ] at room temperature could explain this result. On the contrary, 100% of Cu(II) ions was stripped in only 4 h when the higher working temperature was adopted, providing very interesting perspectives to the development of a continuous transport process by using an ionic liquid as membrane.
Conclusions
The feasibility of biphasic systems based on imidazolium-type room temperature ionic liquids has been here displayed. The chelating properties of the lipophilic polyamine TE14DT towards Cu(II) ions were assessed both in chlorinated solvents and in ionic liquids and the comparison highlighted deep differences not only in the partitioning extent under the same conditions but also in the temperature effect on extraction efficiency. Some features of the chlorinated solvents were found to be correlated with the achieved results: in particular, the higher the values of the Reichardt's parameter and the water solubility in the organic phase, the larger the metal ion partitioning extent. Relationships between extraction percentages in ionic liquids and temperature were instead quite different with respect to chlorinated solvents. When the cation is the same, the viscosity of ionic liquids, the water content and the metal ion extraction capability of the chelating agent were found to be related; moreover, the chemical nature of the IL cation also seemed to be important in determining the efficiency of the extraction process and in particular the alkyl chain length on imidazolium ring seemed to play a relevant role. Water content in chlorinated solvent and in ionic liquids is very important and plays a crucial role in Cu(II) partioning efficiency, although there is no simple correlation. Finally, stripping tests from ionic liquids showed the possibility of a back-extraction process with simple variations in the operating conditions and the possibility to effectively substitute bulk organic solvents with the "novel" media ionic liquids was then displayed, with many advantages in terms of recyclability, thermal stability and poor biodegradability. The presented results provided attractive insights for the development of one-step extraction/recovery systems based on ionic liquids along with a rational comparison with conventional molecular solvents.
